The catalytic pyrolysis (CP) of different thermoplastics, polyethylene (PE) and polypropylene (PP), over two types of mesoporous catalysts, desilicated Beta (DeBeta) and Al-MSU-F (AMF), was investigated by thermogravimetric analysis (TGA) and pyrolyzer-gas chromatography/mass spectrometry (Py-GC/MS). Catalytic TGA of PE and PP showed lower decomposition temperatures than non-catalytic TGA over both catalysts. Between the two catalysts, DeBeta decreased the decomposition temperatures of waste plastics further, because of its higher acidity and more appropriate pore size than AMF. The catalytic Py-GC/MS results showed that DeBeta produced a larger amount of aromatic hydrocarbons than AMF. In addition, CP over AMF produced a large amount of branched hydrocarbons.
Introduction
The excessive use of synthetic plastics has led to the accelerated increase in waste plastics. Although the recycling of waste plastics is considered appropriate for the resource circulation society, many of them are still landfilled or incinerated, because the material recycling of many plastics is still difficult due to the large content of other impurities, such as pigments, paper, and alumina, in the waste plastics. The landfill and incineration of waste plastics is undesirable, owing to its non-biodegradability and harmful gas emissions. Therefore, many countries have prohibited these two treatment technologies, and are emphasizing the recycling of waste plastics. On the other hand, the effective recycling of waste plastics is limited by the economical barrier caused by the low quality of recycled waste plastics [1] [2] [3] [4] [5] . Therefore, many researchers and industries are considering the use of waste plastics as a source of fuel or chemical feedstock. The high heating value of consumable plastics also suggests the potential value of waste plastics as a source of energy or fuel recovery [6, 7] . In this aspect, pyrolysis, a thermal decomposition reaction of plastics at temperatures between 400 and 600 • C under oxygen free conditions [8] [9] [10] [11] , can be considered an appropriate method for both the treatment of waste plastics and the production of fuel or chemical feedstock from waste plastics. Although a large quantity of hydrocarbons can be produced by the pyrolysis of waste plastics, the product quality of waste plastics pyrolysis differs according to the type of plastic. Among the various types of waste plastic, polyethylene (PE) and polypropylene (PP) are difficult to be converted to proper fuel or chemical feedstock by simple pyrolysis, because most PE and PP pyrolysis products consist of low quality wax with a wide carbon number distribution (≥C30) [12] , and need to be upgraded by applying an additional process. Catalytic pyrolysis (CP) of PE and PP can not only allow a decrease in the pyrolysis reaction temperature, but also produce high product quality. Zhang et al. [13] reported that the decomposition temperature of waste plastics can be lowered using a catalyst, because catalytic cracking can decrease the overall activation energy required for the decomposition of plastics.
Auxilio et al. [14] produced high quality oil with a large amount of aromatic hydrocarbons by applying CP to waste plastics.
During recent decades, many types of catalysts, such as commercial zeolites (HY, HBeta, and HZSM-5), spent FCC, red mud from alumina refineries, and natural minerals (CaCO 3 and NaCO 3 ), have been used in the CP of various types of waste plastics in municipal solid waste (MSW), such as high density PE (HDPE), low density PE (LDPE), PP, polyethylene terephthalate (PET), polystyrene (PS), and polyvinylchloride (PVC) [15] [16] [17] . On the other hand, the lower conversion rate to valuable products and/or rapid catalyst deactivation limits their actual commercialization.
Recently, many researchers have considered the use of other catalysts to increase the reaction efficiency, decrease catalyst deactivation, or provide cost effectiveness during CP. Sun et al. [18] reported the catalytic pyrolysis of mixed plastics (PE, PP, PS) using activated biochar catalysts treated with ZnCl 2 , KOH, and H 3 PO 4 to modify the acid properties and pore structure of the activated biochar surface, and obtained high quality oil with high aromatic selectivity over H 3 PO 4 -treated activated biochar with a higher mesopore ratio and Lewis/Brønsted acid sites. Ratnasari et al. [19] applied a mesoporous material, Al-MCM-41, to the CP of waste plastics, and produced oil with a similar carbon number distribution to gasoline. Santos et al. [20] also produced high quality oil with a high olefin contents by applying alkaline and acid-treated zeolites, such as HZSM-5, NH 4 ZSM-5, and USY, to the CP of PE and PP mixtures. They explained that the mesoporosity of zeolite, increased by the alkaline and acid treatment, can improve the overall cracking efficiency because of the easier access of reactant molecules to the acid sites inside the catalyst pores. On the other hand, there are few reports of other types of mesoporous catalysts, such as desilicated mesoporous HBeta (DeBeta) and Al-MSU-F (AMF).
DeBeta is a mesoporous zeolite made by the desilication of microporous Beta. Although its use on the CP of waste plastics can be assumed to be effective because of its increased mesoporosity and high acidity, its actual application to the CP of waste plastics has not been evaluated.
In this study, the CP of waste plastics, HDPE and PP, over DeBeta and AMF, was performed. The catalytic activity of DeBeta and other types of mesoporous catalyst (AMF) was assessed by comparing the decomposition temperatures of HDPE and PP over the catalysts and estimating the product quality obtained from the iso-thermal CP of waste plastics by thermogravimetric analysis (TGA) and pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS). Figure 1 presents the N 2 adsorption-desorption isotherm results of the catalysts. The N 2 adsorption-desorption isotherm of catalysts exhibited typical type-IV isotherms with hysteresis loops, which is characteristic of mesoporous catalysts. Both catalysts, DeBeta and Al-MSU-F, had different hysteresis loops due to differences in the pore structure. The mean pore size, pore volume, and specific surface area of DeBeta and AMF were 48 Å, 0.72 cm 3 /g, and 602 m 2 /g; and 140 Å, 1.97 cm 3 /g, and 561 m 2 /g, respectively. DeBeta had a larger specific surface area and smaller pore size and pore volume than AMF. Although the pore size of DeBeta was smaller than that of AMF, it was larger than that of the parent Beta, due to the desilication treatment. The X-ray diffraction (XRD) peak intensity of DeBeta was lower than that of the parent Beta, owing to the partial elimination of Si from the zeolite frame due to desilication [21] (Figure 2a ). Figure 2b showed XRD pattern of AMF having 2-D hexagonal pore structure diffraction patterns. The curves of NH 3 -TPD analysis, shown in Figure 3 , indicated that DeBeta had higher acidity than AMF. Non-catalytic DTG curves of HDPE and PP revealed different decomposition temperatures. The DTG peak temperatures of HDPE and PP were 501 and 470 °C , respectively. Catalytic TGA of the plastics mixed with AMF and DeBeta showed lower decomposition temperatures than that of noncatalytic TGA. This suggests that mesoporous catalysts can decrease the decomposition temperature of plastics. The effectiveness of mesoporous catalysts on decreasing the polymer decomposition temperature and activation energy on the TGA of polymers were also reported [22] . Between the two catalysts, DeBeta was more effective in decreasing the decomposition temperatures of HDPE and PP than AMF. The decreased decomposition temperature of plastics during non-isothermal TGA over a catalyst can be explained by the surface properties and acidity of the catalyst. An appropriate pore size for the diffusion of reactants to the catalyst pore and sufficiently high acidity for the cracking reaction are necessary for a decrease in the plastic degradation temperature using a catalyst. Although DeBeta had a smaller pore size than AMF, the decomposition of HDPE and PP over DeBeta, Non-catalytic DTG curves of HDPE and PP revealed different decomposition temperatures. The DTG peak temperatures of HDPE and PP were 501 and 470 • C, respectively. Catalytic TGA of the plastics mixed with AMF and DeBeta showed lower decomposition temperatures than that of non-catalytic TGA. This suggests that mesoporous catalysts can decrease the decomposition temperature of plastics. The effectiveness of mesoporous catalysts on decreasing the polymer decomposition temperature and activation energy on the TGA of polymers were also reported [22] . Between the two catalysts, DeBeta was more effective in decreasing the decomposition temperatures of HDPE and PP than AMF. The decreased decomposition temperature of plastics during non-isothermal TGA over a catalyst can be explained by the surface properties and acidity of the catalyst. An appropriate pore size for the diffusion of reactants to the catalyst pore and sufficiently high acidity for the cracking reaction are necessary for a decrease in the plastic degradation temperature using a catalyst. Although DeBeta had a smaller pore size than AMF, the decomposition of HDPE and PP over DeBeta, 409 and 357 • C, respectively, were also much lower than those over AMF (441 and 401 • C, respectively), indicating the unrestricted diffusion of reactant molecules into the pores of both catalysts, due to the presence of mesopores in both catalysts. This suggests that the catalytic reaction efficiency was increased because the plastics pyrolyzates could diffuse into the mesopores, and access the acid sites easily [23] . Therefore, the main factor for the further-decreased decomposition of all plastics, using DeBeta, can be explained by its much higher acidity than that of AMF. Figure 5 presents the chromatograms acquired from the catalytic Py-GC/MS analysis of HDPE and PP over different amounts of DeBeta and AMF. According to previous reports, the pyrograms of HDPE and PP are consistent with hydrocarbons having a wide carbon number distribution, more than C40. In addition, the chromatograms acquired from the catalytic Py-GC/MS analysis of HDPE and PP over AMF and DeBeta had a much narrower carbon range. This suggests that both catalysts have catalytic cracking efficiency. On the other hand, the CP products over AMF and DeBeta were different because DeBeta had higher acidity than AMF as shown in Figure 3 . For example, a large amount of high molecular hydrocarbons were still observed on the chromatogram as a result of the CP of HDPE over AMF, even though these heavy hydrocarbons peaks decreased with increasing number of small molecular hydrocarbons by increasing the catalyst to plastic ratio from 1/1 to 10/1. This indicates that the overall efficiency for the formation of light hydrocarbons can be increased by increasing the amount of catalyst, even though AMF cannot provide a sufficiently high catalytic cracking efficiency. Generally, the thermal pyrolysis of plastics produces high molecular weight hydrocarbons, such as wax, by a radical mechanism via C-C bond breaking. CP degrades plastics via a carbenium ion mechanism. In addition, the CP of plastic produces branched hydrocarbons due mainly to the rearrangement of the carbocation in the carbenium ion mechanism. Therefore, the main reaction mechanism of the CP of plastics using AMF can be considered to be the carbenium ion mechanism [24] . Heavy aliphatic hydrocarbons were not detected on the chromatogram acquired from the CP of HDPE over DeBeta, even at small catalyst to plastic ratios (1/1), and light isoparaffins and aromatic hydrocarbons, such as benzene, toluene, ethylbenzene, and xylene (BTEXs), were the main products, owing to higher acidity. At a higher catalyst to plastic ratio, the peak intensities for aromatic hydrocarbons were increased further. The reason for the high cracking efficiency and monoaromatics formation over DeBeta can be attributed to the high acidity of DeBeta and the presence of micropores in this catalyst. The CP of HDPE and PP over DeBeta also revealed a higher reaction efficiency on cracking and aromatics formation compared to that over AMF because DeBeta had not only high acidity, but also mesopore structure. Therefore, DeBeta having micro/mesopores and high acidity can Heavy aliphatic hydrocarbons were not detected on the chromatogram acquired from the CP of HDPE over DeBeta, even at small catalyst to plastic ratios (1/1), and light isoparaffins and aromatic hydrocarbons, such as benzene, toluene, ethylbenzene, and xylene (BTEXs), were the main products, owing to higher acidity. At a higher catalyst to plastic ratio, the peak intensities for aromatic hydrocarbons were increased further. The reason for the high cracking efficiency and monoaromatics formation over DeBeta can be attributed to the high acidity of DeBeta and the presence of micropores in this catalyst. The CP of HDPE and PP over DeBeta also revealed a higher reaction efficiency on cracking and aromatics formation compared to that over AMF because DeBeta had not only high acidity, but also mesopore structure. Therefore, DeBeta having micro/mesopores and high acidity can produce aromatic hydrocarbons more efficiently than AMF via scission, isomerization, cyclisation, hydrogen transfer, and oligomerization [12, 25, 26] . Figure 6 shows the yields of aromatic hydrocarbons produced from the CP of HDPE and PP over different amounts of DeBeta. The yields of aromatic hydrocarbons, BTEXs, other monocyclic aromatic hydrocarbons (MAHs), and polycyclic aromatic hydrocarbons (PAHs), were increased by applying a higher catalyst to plastic ratio. Although DeBeta had high surface area and large pore size with strong acid sites, plastic pyrolyzates, such as hydrocarbons, still remained in pyrolysis oil without being converted to aromatic hydrocarbons. With increased catalyst-to-plastic ratio, plastic pyrolyzates could access acid sites with higher probability, leading to an enhancement in the production of aromatic hydrocarbon. Interestingly, the BETX selectivity in the oil produced from the CP of plastics over DeBeta was much higher than that of other MAHs and PAHs. In particular, a large amount of toluene was produced from the CP of plastics using DeBeta. Between the two plastics, PP showed a higher efficiency on the production of aromatic hydrocarbons than HDPE, because PP has branched carbon chains that can be decomposed more easily by the catalytic reaction than PEs [12] . produce aromatic hydrocarbons more efficiently than AMF via scission, isomerization, cyclisation, hydrogen transfer, and oligomerization [12, 25, 26] . Figure 6 shows the yields of aromatic hydrocarbons produced from the CP of HDPE and PP over different amounts of DeBeta. The yields of aromatic hydrocarbons, BTEXs, other monocyclic aromatic hydrocarbons (MAHs), and polycyclic aromatic hydrocarbons (PAHs), were increased by applying a higher catalyst to plastic ratio. Although DeBeta had high surface area and large pore size with strong acid sites, plastic pyrolyzates, such as hydrocarbons, still remained in pyrolysis oil without being converted to aromatic hydrocarbons. With increased catalyst-to-plastic ratio, plastic pyrolyzates could access acid sites with higher probability, leading to an enhancement in the production of aromatic hydrocarbon. Interestingly, the BETX selectivity in the oil produced from the CP of plastics over DeBeta was much higher than that of other MAHs and PAHs. In particular, a large amount of toluene was produced from the CP of plastics using DeBeta. Between the two plastics, PP showed a higher efficiency on the production of aromatic hydrocarbons than HDPE, because PP has branched carbon chains that can be decomposed more easily by the catalytic reaction than PEs [12] . (b) Figure 6 . Yield of aromatic hydrocarbons produced from catalytic pyrolysis of (a) HDPE and (b) PP using DeBeta.
Results and Discussion

Materials and Methods
Plastics and Catalysts
HDPE and PP having the particle size between 500 and 700 μm were obtained from a local chemical company and kept in a desiccator before the analysis.
Catalysts
Al-MSU-F(AMF) purchased from Sigma-Aldrich (St. Louis, MO, USA) has a cellular foam framework [25] . DeBeta was prepared by the desilication of Beta using NaOH solution [27, 28] . For this, a commercial Beta (SiO2/Al2O3 = 38) was stirred in 0.2 M NaOH solution at 60 °C for 30 min, and ion exchanged as ammonium form in 0.1 M NH4NO3 solution. The prepared catalysts were calcined at 550 °C for 3 h before the analysis.
The powder X-ray diffraction analysis using XRD (Rigaku D/Max-2000, Rigaku, Tokyo, Japan, a Cu Kα X-ray at 40 kV, 30 mA) was performed to confirm the zeolite structure of Beta and DeBeta. The BET pore size and surface area of each catalyst were measured by Micromeritics ASAP 2000 (Norcross, GA, USA) and determined by Brunauer-Emmett-Teller (BET) and Barrett-JoynerHalenda (BJH) model. To compared the acidity of catalysts, temperature-programmed desorption of ammonia (NH3-TPD) analysis was also performed using a BELCAT-M instrument (BEL Japan Inc., Toyonaka, Japan) connected to a thermal conductivity detector (TCD).
Thermal Decomposition Analysis
About 6 mg of HDPE and PP was heated by a non-isothermal temperature program, from 30 °C temperature to 800 °C at 20 °C /min of heating rate under 60 mL/min of nitrogen atmosphere, using a TGA (Pyris Diamond, Perkin-Elmer, Waltham, MA, USA) [13] . For the catalytic TG analysis, 6 mg of catalyst was mixed with plastics and the same temperature program was applied. 
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Py-GC/MS Measurement
Microscale pyrolysis reactor (Py-3030D, Frontier laboratories, Fukushima, Japan) connected to a GC/MS (7890A/5975C, Agilent Technologies, Santa Clara, CA, USA) was used for the isothermal and catalytic flash pyrolysis of plastics and their product analysis. For non-catalytic pyrolysis (non-CP), 0.8 mg of plastic sample was pyrolyzed at 500 • C, and the product vapor was analyzed in the GC at the same time according to the analysis conditions shown in Table 1 . For the CP, different amount of catalyst, 0.8, 4, and 8 mg, was mixed with 0.8 mg of plastic sample to know the effect of catalyst to plastic ratio (1/1, 5/1, and 10/1), and pyrolyzed at the same conditions applied to non-catalytic Py-GC/MS analysis. 
Conclusions
Two kinds of mesoporous catalysts, AMF and DeBeta, revealed the catalytic effect on the pyrolysis of HDPE and PP. The decomposition temperatures of all plastics were decreased by the use of both catalysts. Compared to AMF, DeBeta led the much lower decomposition temperature of the plastics than AMF, due to its proper pore size and much higher acidity. The CP of plastics over both catalysts produced smaller molecular hydrocarbons, and the overall efficiency of the catalyst on the cracking of plastics and aromatics formation were different, due to their physicochemical properties. Owing to the proper pore size and high acidity of DeBeta, the CP of plastics over DeBeta produced a much larger amount of light hydrocarbons and aromatic hydrocarbons, than those over AMF.
